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Abstract
Background: Chronic neuropsychological sequelae may occur in patients with tuberculous meningitis (TBM). The
impact of structural abnormalities on the clinical performance of patients with TBM is unknown. This study applied
the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) voxel-based morphometry
(VBM) to determine if gray matter deficits in TBM are associated with acute presentations and chronic cognitive
impairment.
Methods: Seventeen patients with TBM who discontinued their anti-TB therapy for more than six months, and 17
age-, sex-, and education-matched healthy subjects were enrolled. Differences in gray matter volume (GMV)
between patients and healthy controls were investigated using DARTEL-VBM to determine structural abnormalities.
Disease severity during the acute stage was scored by clinical profiles and conventional imaging findings.
Correlations among chronic structural deficits, cognitive impairment, and initial disease severity were assessed.
Results: The patients with TBM had worse neuropsychological subtest performances than the healthy controls.
Compared to the controls, the patients showed smaller GMVs in the right thalamus, right caudate nucleus, right
superior and middle temporal gyrus, right precuneus, and left putamen (p < 0.001). The smaller GMVs in the right
thalamus, right superior temporal gyrus, right precuneus, left putamen, and right caudate nucleus (p < 0.05) were
further associated with worse cognitive function. More severe initial disease also correlated with smaller GMVs in
the right caudate nucleus (p < 0.05).
Conclusion: Multiple domain cognitive impairment may persist in patients with chronic TBM even after appropriate
treatment. Worse initial disease severity may contribute to the vulnerability of brain tissue to damage, with
subsequent neuropsychological consequences.
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Background
Tuberculous meningitis (TBM) remains a serious health
threat in developing countries. Chronic neuropsycho-
logical sequelae may occur even after appropriate treat-
ment, often in the form of cognitive impairment, motor
deficits, and optic atrophy [1, 2]. Many prognostic fac-
tors for TBM have been reported, including age, disease
stage, level of consciousness, the presence of extra-
central nervous system (CNS) TB, the isolation of
Mycobacterium tuberculosis (M. tuberculosis) from
cerebrospinal fluid (CSF), CSF biochemical studies,
hydrocephalus, and infarction [3–5]. Nonetheless, the
mechanisms that lead to brain structural and functional
abnormalities and that mediate cognitive and behav-
ioural outcomes in TBM remain unclear.
Clinical neuropsychiatric performances have been
shown to be highly correlated with brain structural in-
tegrity in many diseases and conditions [6, 7]. However,
there are no previous studies that have reported on the
association between brain structural deficits and cogni-
tive impairment in TBM. At the same time, it is interest-
ing to know the induced factors related to brain atrophy.
Several indices in the acute stage, including clinical
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presentations and imaging findings, are considered to be
related to disease prognosis [4]. Voxel-based morphom-
etry (VBM) has previously been used to evaluate brain
volume in cases of bacterial meningitis [8, 9], as it can
help evaluate anatomic brain abnormalities in varying
subgroups. This study applied the Diffeomorphic Ana-
tomical Registration Through Exponentiated Lie Algebra
(DARTEL) VBM [10] to determine gray matter deficits in
TBM during the chronic stage under the hypothesis that
disease severity in the acute stage can predict long-term
structural abnormality and cognitive function impairment.
Methods
Subjects
From January 2009 to December 2010, 24 HIV-negative
TBM patients who had discontinued their anti-TB ther-
apy and had been discharged from the hospital for more
than six months were seen at the Neurology Out-patient
Clinic of Chang Gung Memorial Hospital-Kaohsiung
Medical Centre. Among those patients, 17 were enrolled
in this study and received both neuroimaging and neuro-
psychological follow-up examinations. The hospital’s In-
stitutional Review Committee on Human Research
approved the study, and all the patients provided written
informed consent.
The criteria used to diagnose TBM were the same
as those used in a previously published study [11].
TBM was defined as clinical presentations of chronic
meningitis with (1) positive CSF mycobacterial culture
and/or positive polymerase chain reaction (isolation
of M. tuberculosis); or (2) isolation of M. tuberculosis
outside the central nervous system (CNS) with typical
CSF features [12]. The exclusion criteria for this study
included age <16 or >80 years, evidence of alcohol-
ism, a history of neurologic or psychiatric illness po-
tentially affecting the CNS, and severe recent life
events which could affect the results of the neuro-
psychiatric or neuroimaging surveys.
The patients’ medical records were reviewed to obtain
the following information: demographic characteristics,
underlying diseases, clinical features, laboratory data, bac-
teriology, imaging studies, surgical interventions or drain-
age, and clinical outcomes. Most of the patients had CSF
samples taken on admission, and these samples were
tested for total cell count and for glucose, protein, and lac-
tate levels, in addition to being subjected to a polymerase
chain reaction for TB (TB-PCR). The patients were also
tested with mycobacterial smears and cultures.
Cranial computed tomography (CT) scans and/or
magnetic resonance imaging (MRI) studies were done
on admission, and repeat CT and/or MRI was conducted
if there was clinical deterioration before discharge.
Hydrocephalus was diagnosed by the presence of a di-
lated temporal horn of the lateral ventricle without
obvious brain atrophy and/or an Evan’s ratio > 0.3 on CT
or MRI during admission [13]. Evan’s ratio is defined as
the ratio between the ventricular width of the bilateral
frontal horn and the maximum internal bi-parietal diam-
eter [14]. Patients with hydrocephalus and with evidence
of increasing intra-cerebral pressure or clinical deterior-
ation underwent a ventriculo-peritoneal shunting pro-
cedure [15].
All of the patients underwent complete medical and
neurologic examinations, and neuropsychological test-
ing. Experienced neurologists integrated the clinical
manifestations and neuropsychological findings. For
comparison, 17 sex-, age-, and education-matched
healthy subjects without a medical history of neurologic
disease, psychiatric disease, or head injury were recruited
through a hospital advertisement and served as the con-
trol group.
Evaluation of disease severity in acute stage
Significant variables with predictive value for TBM diag-
nosis were analyzed, and two different diagnostic scores
were evaluated (Table 1), including clinical profile and
conventional MRI variables. The clinical profile variables
which were significant for TBM presumption were used.
The cut-off was the suggestive value determined by pre-
vious studies [1, 4, 16], and a score of 1 or 2 was consid-
ered predictive for TBM.
In terms of the conventional MRI variables [1], hydro-
cephalus (Evan’s ratio score > 0.3) [17], lepto-meningeal
enhancement, basilar enhancement, parenchymal lesion
[18], and infarction were used. A score of 2 indicated a
positive finding, and a score of 1 indicated a negative
finding.
The total disease severity scores consisted of the sum-
mation of the clinical profile and conventional MRI
scores. Thus, higher scores indicated more severe dis-
ease during the acute presentation.
Neuropsychological (NP) tests
Both the patients and healthy controls were administered
subtests of the Wechsler Adult Intelligence Scale (WAIS).
The WAIS, a family of tests of cognitive domains contribut-
ing to intelligence created by David Wechsler (Wechsler,
1955, 1981, 1997), is used to assess a wide range of cogni-
tive abilities and impairments. In this study, we used the full
scale intelligence quotient measure from the Chinese ver-
sion of the WAIS-III [19, 20], which is based on the com-
bined perceptual organization (POI), verbal comprehension
(VCI), working memory (WMI), and processing speed
index (PSI) scores [21]. All of the participants completed
the subtests, including the block design, picture comple-
tion, matrix reasoning, vocabulary, similarities, information,
digit span, arithmetic, and letter-number sequence subtests,
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that together comprise the POI, VCI, and WMI scores
individually.
MRI data acquisition
Magnetic resonance scanning was performed on a 3 T
MRI system (Excite; GE Medical System) equipped with
an eight-channel head coil. High-resolution T1-weighted
imaging was acquired parallel to the anterior
commissure-posterior commissure line (AC-PC line)
using three-dimensional fluid-attenuated inversion-
recovery fast spoiled gradient echo sequence. The pa-
rameters were TR = 9.492 ms, TE = 3.888 ms, TI =
450 ms, flip angle = 20°, field of view (FOV) = 24×24 cm,
matrix size = 512×512, 110 continuous slices with the
slice thickness = 1.3 mm, and in-plane spatial resolution
of 0.47×0.47 mm.
Imaging data processing
Individual T1-weighted data was processed using the
VBM8 toolbox [22] (http://dbm.neuro.uni-jena.de/vbm/)
under Statistical Parametic Mapping (SPM8, Wellcome
Institute of Neurology, University College London, UK)
implemented in Matlab 7.3 (MathWorks, Natick, MA,
USA). A T1 VBM method based on DARTEL was used
for preprocessing [10, 23] and subsequent analyses as
follows: first, each native T1-weighted image was seg-
mented into gray matter (GM), white matter (WM), and
CSF. Second, the individual native space tissue segments
were initially affine registered to the tissue probability
maps in the Montreal Neurological Institute (MNI)
space. Third, these tissue segments were iteratively regis-
tered to the group template, which was generated from
all the images included in the study. Then, to modulate
the GM and WM tissue for group volume comparisons,
the nonlinear deformation parameters derived from the
previous normalization procedure were used. The final
resolution of each modulated tissue segment was 1.5 ×
1.5 × 1.5 mm3. Finally, all segmented, normalized, and
modulated GM images were smoothed with an 8-mm
Gaussian kernel before voxel-wise group comparisons.
The GM, WM, and CSF volumes were calculated by
counting the voxels represented in the native space and
estimated in cm3. The total intracranial volume (TIV)
was determined from the sum of the aforementioned
three volumes.
Statistical analysis
Analysis of demographic data
Statistical analysis was performed by using SPSS 12
(SPSS Inc, Chicago, IL). All data were given as the mean
± standard deviation (SD). Demographic and clinical
characteristics of the TBM and control groups were
compared by independent t-test and analysis of variance
(ANOVA) (for age and education). Analysis of covari-
ance (ANCOVA) was performed to compare TIV, gray
matter volume (GMV), and white matter volume
(WMV), with age and sex as covariates. Statistical differ-
ences in neuropsychological data (WAIS) between
groups were estimated by ANCOVA, with age, sex, and
education as covariates. Statistical significance was set at
p < 0.05.
Analysis of regional GMV differences between groups
To investigate regional GMV differences between the
groups, a voxel-wise general linear model was used and
an ANCOVA was performed with age, sex, and TIV as
covariates. To avoid possible partial volume effects be-
tween different tissue types, voxels with a GM probabil-
ity lower than 0.2 were excluded. In order to correct for
the non-isotropic smoothness of the data, non-stationary
Table 1 Scoring of disease severity indices of patients with TBM during acute presentation
Characteristics Score Value No. Characteristics Score Value No.
Clinical profile variables Conventional MRI variables
(1) CSF/Blood glucose ratio 2 <0.6 2 (1) Evan’s ratio score 2 >0.3 10
1 ≧0.6 15 1 <0.3 7
(2) CSF WBC (/mm3) 2 ≧300 3 (2) Lepto-meningeal enhancement 2 Yes 9
1 <300 14 1 No 8
(3) CSF Lactate (mg/dl) 2 ≧35 8 (3) Basilar enhancement 2 Yes 2
1 <35 9 1 No 15
(4) CSF Total protein (g/L) 2 ≧150 8 (4) Parenchymal lesion 2 Yes 4
1 <150 9 1 No 13
(5) GCS on admission 2 <13 2 (5) Infarction 2 Yes 5
1 ≧13 15 1 No 12
(6) Age (years) 2 ≧50 11
1 <50 6
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correction (part of the VBM toolbox) was used to inves-
tigate group differences [24]. The voxel-wise level
threshold was set to an uncorrected p < 0.001 with a
cluster size >50 contiguous voxels and a nonstationary
cluster extent threshold of p < 0.05 corrected for mul-
tiple comparisons to obtain precise findings.
To transform MNI coordinates into Talairach coordi-
nates in order to minimize transformation discrepancies
between MNI and the Talairach space, the GingerALE
toolbox (The BrainMap Development Team; available
online at http://brainmap.org/ale/index.html) was used.
The Talairach and Tournoux atlas [25] was used to iden-
tify the anatomic structures of the coordinates represent-
ing significant clusters.
Correlation analysis
Partial correlation analysis adjusted for age, sex, edu-
cation, and TIV was performed to assess the correla-
tions among the total disease severity scores during
acute presentation, the neuropsychological testing
scores, and locations that exhibited smaller volumes
in the TBM group compared to the control group.
Regional GMV was extracted from the peak coordin-
ate and correlated with the total disease severity
scores and neuropsychological testing scores separ-
ately. The statistical significance threshold was set at
p < 0.05.
Results
Clinical characteristics between groups
There were 34 subjects in this study, including 17 pa-
tients with TBM and 17 healthy controls. Their base-
line characteristics, neuroimaging information, and
cognitive function data are summarized in Table 2. Of
the 17 patients, 13 (76.47 %) were male. The patients
had a mean age of 50.76 ± 18.97 years (range: 17–78
years) and a median follow-up duration of 41 months
(range: 9–161 months). There were no significant
Table 2 Demographic characteristics of patients with TBM and healthy controls
TBM patients Healthy controls F p value
Number of cases 17 17
Sex (n =male/female) 13 / 4 13 / 4
Age (years) 50.76 ± 18.97 50.41 ± 17.20 0.153 0.698
Education (years) 9.18 ± 5.11 13.18 ± 4.91 0.291 0.594
Total intracranial volume (TIV) (cm3) 1491.16 ± 120.01 1572.95 ± 115.23 0.099 0.755
Gray matter (GM) 676.41 ± 55.64 717.43 ± 50.31 0.579 0.452
White matter (WM) 495.33 ± 46.12 528.74 ± 35.04 0.676 0.417
Cerebrospinal fluid (CSF) 319.42 ± 34.31 326.79 ± 40.71 1.415 0.243
WAIS
Picture Completion 7.18 ± 3.49 11.71 ± 4.37 4.126 0.051
Vocabulary 8.82 ± 3.38 12.12 ± 2.93 2.786 0.106
Digit Symbol 7.00 ± 3.03 12.12 ± 3.10 14.130 0.001*
Similarities 7.59 ± 3.32 11.53 ± 3.04 4.917 0.035*
Block Design 8.29 ± 2.95 11.82 ± 3.19 4.988 0.033*
Arithmetic 8.06 ± 2.84 11.12 ± 2.40 4.139 0.051*
Matrix Reasoning 8.12 ± 3.92 11.71 ± 2.93 4.334 0.046*
Digit Span 8.50 ± 3.98 11.35 ± 3.06 1.683 0.205
Information 8.18 ± 2.46 11.41 ± 3.54 2.122 0.156
Picture Arrangement 7.62 ± 3.46 11.47 ± 4.20 3.359 0.077*
Comprehension 8.65 ± 3.43 12.35 ± 3.30 2.997 0.094
Letter-Number Sequencing 6.40 ± 4.22 10.43 ± 3.76 4.501 0.044
Verbal comprehension (VCI) 90.24 ± 14.71 108.82 ± 16.22 4.258 0.048*
Perceptual organization (POI) 87.53 ± 18.45 111.29 ± 19.49 6.009 0.020*
Working memory (WMI) 85.25 ± 18.48 105.06 ± 16.78 4.829 0.036*
Age and education data were determined via independent t-test
TIV data given were determined by ANCOVA after controlling for age, sex, and education; GM, WM, and CSF data were determined by ANCOVA after controlling
for age, sex, education, and TIV
NP test data were determined by ANCOVA after controlling for age, sex, education
*p < 0.05
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differences in age, sex, and education between the pa-
tients and controls.
Disease severity scoring during acute stage in TBM
At the time of admission during the acute disease, all 17
TBM patients received complete laboratory tests and a
conventional MRI study to assess the disease. Their clin-
ical features and laboratory data (Table 1), including low
CSF/serum glucose ratios (<0.6, n = 2), high CSF white
cell counts (≥300/mm3, n = 3), high CSF lactate concen-
trations (≥35 mg/dl, n = 8), high CSF protein concentra-
tions (≥150 g/L, n = 8), decreased Glasgow coma scores
(GCS) on admission (<13, n = 2), and old age (≥50 years,
n = 11), indicated poor prognosis.
Conventional neuroimaging results during the acute
disease were also recorded, and these results indicated a
variety of issues, including hydrocephalus (Evan’s ratio
>0.3, n = 10), lepto-meningeal enhancement (n = 9), basi-
lar enhancement (n = 2), parenchymal lesion (n = 4), and
cerebral infarct (n= 5).
Cognitive profiles in chronic stage between groups
In the chronic stage, all the patients and healthy subjects
underwent neuropsychological testing and an MRI study,
which included T1-weighted volumetric imaging. The
patients with TBM performed significantly poorer on the
digit symbol, similarities, block design, matrix reasoning,
and letter-number sequencing subtests of the WAIS
compared to the controls (p < 0.05). The patients with
TBM had worse VCI, POI, and WMI results (Table 2).
Chronic regional gray matter volume (GMV) differences
between groups
Conventional MRI findings in the chronic stage included
hydrocephalus (n = 3), persistent basilar enhancement (n
= 2), old infarcts (n = 5), an old haemorrhage (n = 1), and
a peri-ventricular signal change (n = 1).
The DARTEL volumetric analysis revealed significant
differences in GMVs, with specific locations and extent
of regions (Table 3).
Patients with TBM showed significantly smaller GMVs
in the right thalamus, right superior temporal gyrus (BA
38), right precuneus (BA 7), right middle temporal gyrus
(BA 22), left putamen, right caudate nucleus, and right
middle temporal gyrus (BA 21) (p < 0.001, uncorrected)
compared to the controls (Fig. 1).
Relationship between cognitive function, disease severity,
and gray matter volumes
The relationship between the three WAIS indices (VCI,
POI, and WMI) and the significantly smaller GMVs in the
patient group compared to the control group revealed sig-
nificantly positive correlations (p < 0.05) (Fig. 2).
Poor VCI, POI, and WMI scores correlated with
smaller GMVs in the right thalamus and right superior
temporal gyrus. Poor WMI scores correlated with
smaller GMVs in the right precuneus and left putamen.
Poor VCI and POI scores correlated with smaller GMVs
in the right caudate nucleus.
The increased total disease severity scores, based on
clinical profiles and conventional MRI findings at the
time of admission that indicated more severe disease,
correlated with smaller GMVs in the right caudate nu-
cleus (r = -0.752, p = 0.003). The higher conventional
MRI scores also correlated with smaller GMVs in the
right caudate nucleus (r = -0.729, p = 0.005), right super-
ior middle gyrus (r = -0.58, p = 0.038), and right middle
temporal gyrus (r = -0.568, p = 0.043).
Discussion
Up to this point, the relationships among initial disease
severity, long-term structural changes, and altered cogni-
tive function in patients with TBM have not been fully
studied. The present study corroborates the hypothesis
that initial disease severity is correlated to long-term
Table 3 Regions with significantly smaller GMVs in patients with TBM compared to healthy controls
Gray matter volume Anatomical regions x y z Brodmann area Cluster size T-value
Control > TBM R Thalamus 17 -24 6 - 246 4.87
R Superior Temporal Gyrus 48 11 -30 38 187 4.55
R Precuneus 29 -75 48 7 163 4.22
R Middle Temporal Gyrus 62 -51 2 22 334 4.08
L Putamen -17 15 0 - 118 4.03
R Caudate nucleus 15 17 -8 - 58 3.82
R Middle temporal Gyrus 56 -33 -12 21 71 3.67
TB > Control None
Voxel-based morphometry of TBM patients compared to healthy controls at an uncorrected p value <0.001 and cluster size >50 contiguous voxels, and a
nonstationary correction for multiple comparison
Each T-value was determined by dividing the estimated regression coefficient by its standard error. "-" indicated that the Brodmann area was not available
Abbreviations: R Right; L Left
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structural abnormalities and cognitive function impair-
ments. In the chronic stage, patients with TBM are mor-
phologically different from healthy subjects, and many of
the structural deficits in patients correlate with their de-
clines in cognitive function. Individual disease severity
assessed in acute illness is related to long-term structural
deficits, especially in the right caudate nucleus. These
findings underscore the importance of evaluating initial
disease severity to predict long-term disease outcomes.
The structural abnormalities in patients with TBM in-
clude smaller GMVs in the right thalamus, right superior
temporal gyrus, right precuneus, right middle temporal
gyrus, left putamen, right caudate nucleus, and right
middle temporal gyrus. These regions may be grouped
into two parts - cerebral cortices and deep gray matter
nuclei. The results may be explained by considering the
pathophysiology of TBM. It develops most often when a
caseating meningeal or sub-cortical focus, the Rich
focus, discharges its contents into the sub-arachnoid
space [26]. Brain damage in TBM is due to the com-
bined effects of increased intra-cranial pressure due to
hydrocephalus and ischemic infarction caused by peri-
arteritis [27]. The lenticulo-striate arteries, middle cere-
bral arteries, and thalamo-perforators are the most com-
monly affected vessels, and thus, the basal ganglia,
cerebral cortex, pons, and cerebellum are the areas most
involved by ischemia in TBM [28, 29]. In a previous
study, diminished caudate volumes in patients with
hydrocephalus have been reported in a full-brain
voxel-based morphometric analysis [30]. The cerebral
cortices are close to the subarachnoid space and have
been observed to exhibit higher bacterial concentra-
tions and enlarged perivascular spaces, most com-
monly in the basal ganglia, specifically in the
lenticulo-striate arteries [31]. The findings of the
current study corroborate these previous observations
by providing a more objective investigation in terms
of morphology.
Fig. 1 Results of the VBM comparisons between patients with TBM and healthy controls. On 3D renderings of the brain and representative axial
slices through the customized template, patients with TBM had smaller gray matter volumes (GMVs), with highlighted significant areas in the
right thalamus, right superior and middle temporal gyrus, right precuneus, and right caudate nucleus
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The diagnosis, treatment, and prognostication of TBM
still pose a formidable challenge, and early diagnosis is
still crucial for successful disease management. Excessive
immune activation in the sub-arachnoid space is
considered to be associated with poor outcomes in
TBM, and a previous study has documented the signifi-
cant relationship between death from TBM and a rela-
tively low CSF white cell count and low CSF/blood
Fig. 2 Significant partial correlations (p < 0.05) were plotted for (a) deep nuclei and (b) cerebral cortex cluster volumes in relation to the NP
results (including verbal comprehension, perceptual organization, and working memory). The strongest correlation was between the right
thalamus cluster volume and the verbal comprehension index. c In TBM patients, the cluster on the caudate nucleus revealed a significant linear
relationship with total disease severity scores based on clinical profiles and conventional MRI findings. Higher total disease severity scores were
associated with worse disease conditions and correlated with smaller GMVs in the right caudate nucleus (p < 0.05)
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glucose ratio at presentation [32]. Therefore, in the
present study, the severity of TBM at the time of admis-
sion for each patient was evaluated via clinical profile
and conventional MRI findings based on identified sig-
nificant prognostic factors. As such, a higher total dis-
ease severity score during acute illness indicates worse
disease condition and is correlated with smaller GMV in
the right caudate nucleus. This correlation reflects a re-
lationship between poor prognostic factors and long-
term structural deficits in the caudate nucleus.
In comparing the patients with TBM to the healthy con-
trols, we found that the smaller GMVs of the patients in
the right thalamus, right superior temporal gyrus, right
precuneus, left putamen, and right caudate nucleus were
associated with worse cognitive function, including verbal
comprehension, perceptual organization, and working
memory. The verbal comprehension index is a measure of
general verbal skills, such as verbal fluency, ability to
understand and use verbal reasoning, and verbal know-
ledge. A previous study related to chronic aphasia revealed
a significant relationship between lesions in the posterior
superior temporal gyrus (Wernicke’s area) and impaired
verbal comprehension function [33].
The perceptual organization index is a measure of
non-verbal and in-the-moment reasoning. Structuring of
the sensory scene (perceptual organization) profoundly
affects what is perceived. In both visual and auditory
functions, many cues have been identified to influence
perceptual organization, but very little is known about
the neural basis of these functions. The working memory
system includes areas performing the processes needed
by a multi-functioning memory system that must not
only store information but also update and manipulate
its contents [34]. In previous research, individuals with
thalamic lesions been shown to have a variety of cogni-
tive impairments ranging from memory to attention
problems. There are known connections between the
thalamus and other structures, such as the basal ganglia
[35] and the pre-frontal cortex [36], that have been
linked to working memory. To date, the results of the
present study represent the most complete documenta-
tion in assessing neuro-cognitive function impairments
of patients with TBM.
Although the body of this research has the undeniable
merit of offering valuable insights into cortical involve-
ment in TBM, this study has some limitations. The first
is the small number of participants, which was perhaps
due to the low incidence of TBM and the severity of its
clinical outcomes, which can include death. Neuro-
tuberculosis constitutes approximately 0.7 % of all cases
of clinical tuberculosis, but has a high mortality rate of
up to 27 % [37]. The present study did not enrol patients
with severe sequelae. There is uncertainty in assessing
imaging findings in critically ill patients and in those
with poor prognosis. Second, there is a wide variety of
treatments for TBM, including the use of different anti-
microbial agents, corticosteroids, and ventricular shunt-
ing, which may cause potential bias in interpreting
imaging findings.
Conclusions
In conclusion, multiple domain cognitive impairment
may persist in patients with chronic TBM even after ap-
propriate treatment. Worse initial disease severity may
contribute to the vulnerability of brain tissue to damage,
with subsequent neuropsychological consequences.
Abbreviations
TBM: Tuberculous meningitis; DARTEL: Diffeomorphic Anatomical Registration
Through Exponentiated Lie algebra; VBM: Voxel-based morphometry;
MRI: Magnetic resonance imaging; GMV: Gray matter volume; WMV: White
matter volume; WAIS: Wechsler Adult Intelligence Scale; VCI: Verbal
comprehension index; POI: perceptual organization index; WMI: Working
memory index.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
Study concepts: HLC. Study design: HLC and WCL. Data acquisition: HLC,
CHL, CDC, MHC, NWH, and WML. Data analysis and interpretation: HLC, PCC,
and KHC. Statistical analysis: HLC, PCC, KHC, and CPL. Manuscript preparation:
HLC, and PCC. Manuscript editing: HLC, and WCL. Manuscript review: CPL,
and WCL. All authors read and approved the final manuscript.
Acknowledgements
This work was supported by grants from Chang Gung Memorial Hospital
(Chang Gung Medical Research Project CMRPG 870991 to CH Lu). The
authors acknowledge the support of the MRI Core Facility of CGMH. The
authors also wish to thank Yi-Wen Chen, Ting-Yi Chen, and all the subjects
who participated in this study.
Author details
1Department of Diagnostic Radiology, Kaohsiung Chang Gung Memorial
Hospital, and Chang Gung University College of Medicine, 123 Ta-Pei Road,
Niao-Sung, Kaohsiung 83305, Taiwan. 2Department of Biomedical Imaging
and Radiological Sciences, National Yang-Ming University, Taipei, Taiwan.
3Department of Neurology, Kaohsiung Chang Gung Memorial Hospital and
Chang Gung University College of Medicine, Kaohsiung, Taiwan.
4Department of Radiology, Yuan’s General Hospital, Kaohsiung, Taiwan.
5Institute of Neuroscience, National Yang-Ming University, Taipei, Taiwan.
6Department of Diagnostic Radiology, Chang Gung Memorial Hospital at
Chiayi, Chang Gung University College of Medicine, Chiayi, Taiwan.
Received: 12 June 2014 Accepted: 6 July 2015
References
1. Kalita J, Misra UK, Ranjan P. Predictors of long-term neurological sequelae of
tuberculous meningitis: a multivariate analysis. Eur J Neurol. 2007;14(1):33–7.
2. Gillan JG, Purvis RJ, Thomas GW. Optic atrophy eight years after tuberculous
meningitis. Br Med J. 1970;4(5728):156–7.
3. George EL, Iype T, Cherian A, Chandy S, Kumar A, Balakrishnan A, et al.
Predictors of mortality in patients with meningeal tuberculosis. Neurol India.
2012;60(1):18–22.
4. Lu CH, Chang WN, Chang HW. The prognostic factors of adult tuberculous
meningitis. Infection. 2001;29(6):299–304.
5. Sheu JJ, Yuan RY, Yang CC. Predictors for outcome and treatment delay in
patients with tuberculous meningitis. Am J Med Sci. 2009;338(2):134–9.
6. Lenka A, Jhunjhunwala KR, Saini J, Pal PK. Structural and functional
neuroimaging in patients with Parkinson’s disease and visual hallucinations:
A critical review. Parkinsonism Relat Disord. 2015;21:683.
Chen et al. BMC Infectious Diseases  (2015) 15:279 Page 8 of 9
7. Hu X, Meiberth D, Newport B, Jessen F. Anatomical correlates of the
neuropsychiatric symptoms in Alzheimer’s disease. Curr Alzheimer Res.
2015;12(3):266–77.
8. Focke NK, Kallenberg K, Mohr A, Djukic M, Nau R, Schmidt H. Distributed,
limbic gray matter atrophy in patients after bacterial meningitis. AJNR Am J
Neuroradiol. 2013;34(6):1164–7.
9. de Jonge RC, Swart JF, Koomen I, Rombouts SA, Gemke RJ, Barkhof F, et al.
No structural cerebral differences between children with a history of
bacterial meningitis and healthy siblings. Acta Paediatr. 2008;97(10):1390–6.
10. Ashburner J. A fast diffeomorphic image registration algorithm.
NeuroImage. 2007;38(1):95–113.
11. Lin WC, Chen PC, Wang HC, Tsai NW, Chou KH, Chen HL, et al. Diffusion
tensor imaging study of white matter damage in chronic meningitis. PLoS
One. 2014;9(6), e98210.
12. Monteyne P, Sindic CJ. The diagnosis of tuberculous meningitis. Acta Neurol
Belg. 1995;95(2):80–7.
13. Toma AK, Holl E, Kitchen ND, Watkins LD. Evans’ index revisited: the need
for an alternative in normal pressure hydrocephalus. Neurosurgery.
2011;68(4):939–44.
14. Chattopadhyay S, Srivastava M, Srivastava AS, Srivastava A. Structural
Changes in the Insular Cortex in Alcohol Dependence: A cross sectional
study. Iran J Psychiatry. 2011;6(4):133–7.
15. Yamada SM, Kitagawa R, Teramoto A. Relationship of the location of the
ventricular catheter tip and function of the ventriculoperitoneal shunt. J Clin
Neurosci. 2013;20(1):99–101.
16. Shaw JE, Pasipanodya JG, Gumbo T. Meningeal tuberculosis: high long-term
mortality despite standard therapy. Medicine (Baltimore). 2010;89(3):189–95.
17. Shprecher D, Schwalb J, Kurlan R. Normal pressure hydrocephalus: diagnosis
and treatment. Curr Neurol Neurosci Rep. 2008;8(5):371–6.
18. Nicolls DJ, King M, Holland D, Bala J, del Rio C. Intracranial tuberculomas
developing while on therapy for pulmonary tuberculosis. Lancet Infect Dis.
2005;5(12):795–801.
19. Hsin-Yi Chen M-SH, Jianjun Z, Chen Y-H. Selection of Factor-Based WAIS-III
Tetrads in the Taiwan Standardization Sample: A Guide to Clinical Practice.
Chin J Psychol. 2008;50(1):91–109.
20. Kao YC, Liu YP, Lien YJ, Lin SJ, Lu CW, Wang TS, et al. The influence of sex
on cognitive insight and neurocognitive functioning in schizophrenia. Prog
Neuro-Psychopharmacol Biol Psychiatry. 2013;44:193–200.
21. Tulsky DS, Price LR. The joint WAIS-III and WMS-III factor structure:
development and cross-validation of a six-factor model of cognitive
functioning. Psychol Assess. 2003;15(2):149–62.
22. Ashburner J, Friston KJ. Unified segmentation. NeuroImage.
2005;26(3):839–51.
23. Ashburner J, Andersson JL, Friston KJ. Image registration using a symmetric
prior–in three dimensions. Hum Brain Mapp. 2000;9(4):212–25.
24. Hayasaka S, Phan KL, Liberzon I, Worsley KJ, Nichols TE. Nonstationary
cluster-size inference with random field and permutation methods.
NeuroImage. 2004;22(2):676–87.
25. Talairach J, Tournoux P. Co-planar stereotaxic atlas of the human brain :
3-dimensional proportional system : an approach to cerebral imaging.
Stuttgart: New York: Georg Thieme; 1988.
26. Donald PR, Schaaf HS, Schoeman JF. Tuberculous meningitis and miliary
tuberculosis: the Rich focus revisited. J Infect. 2005;50(3):193–5.
27. Lammie GA, Hewlett RH, Schoeman JF, Donald PR. Tuberculous
cerebrovascular disease: a review. J Infect. 2009;59(3):156–66.
28. Kalita J, Misra UK, Das BK. SPECT changes and their correlation with EEG
changes in tuberculous meningitis. Electromyogr Clin Neurophysiol.
2002;42(1):39–44.
29. Schoeman JF, Rutherfoord GS, Hewlett RH. Acute stroke in a child with
miliary tuberculosis. Clin Neuropathol. 1997;16(6):303–8.
30. DeVito EE, Salmond CH, Owler BK, Sahakian BJ, Pickard JD. Caudate
structural abnormalities in idiopathic normal pressure hydrocephalus. Acta
Neurol Scand. 2007;116(5):328–32.
31. Groeschel S, Chong WK, Surtees R, Hanefeld F. Virchow-Robin spaces on
magnetic resonance images: normative data, their dilatation, and a review
of the literature. Neuroradiology. 2006;48(10):745–54.
32. Thwaites GE, Nguyen DB, Nguyen HD, Hoang TQ, Do TT, Nguyen TC, et al.
Dexamethasone for the treatment of tuberculous meningitis in adolescents
and adults. N Engl J Med. 2004;351(17):1741–51.
33. Bates E, Wilson SM, Saygin AP, Dick F, Sereno MI, Knight RT, et al.
Voxel-based lesion-symptom mapping. Nat Neurosci. 2003;6(5):448–50.
34. Baddeley A. Working memory. C R Acad Sci III. 1998;321(2-3):167–73.
35. Menon V, Anagnoson RT, Glover GH, Pfefferbaum A. Basal ganglia
involvement in memory-guided movement sequencing. Neuroreport.
2000;11(16):3641–5.
36. Damasio AR. On some functions of the human prefrontal cortex. Ann N Y
Acad Sci. 1995;769:241–51.
37. Venugopal K, Sreelatha PR, Philip S, Kumar V. Treatment outcome of neuro
tuberculosis patients put on DOTS–an observation study from the field.
Indian J Tuberc. 2008;55(4):199–202.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Chen et al. BMC Infectious Diseases  (2015) 15:279 Page 9 of 9
